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3Abstract
The significance of bacilli in industrial processes was studied, with focus on food grade paper
and paperboard production and on a dairy process. Food packaging paper and board contained
as contaminants mainly sporeforming bacteria belonging to the genera Bacillus, Paenibacillus
and Brevibacillus. The contaminants were usually found in quantities from <50 to 250 cfu g-1
homogenized paperboard, which are lower than in many foods. Of those frequently found,
especially the Bacillus cereus group, B. licheniformis, B. subtilis, and Brevibacillus brevis are
species known to be capable of hydrolysing food components, and some strains of these species
produce food poisoning toxins or may grow at refrigerated temperatures.
The diversity among the contaminant B. cereus isolates in the whey processing line of a cheese
dairy was large. The whey line of the cheese dairy was colonized by specific communities of
phenotypically non-conventional types of B. cereus. Great genetic diversity was found among
contaminant B. cereus strains from paper industry and from different dairies.
We found that the phenotypic properties on which the standard methods (e.g. ISO, FDA, IDF)
rely for recognising B. cereus (lecithinase activity, nitrate reduction), did not match with the
properties of B. cereus isolates found as contaminants in industrial processes. Industrial isolates,
including the toxigenic ones, often missed one or several of the typical B. cereus characters even
in cases where 100 % 16S rDNA identity was found with B. cereus or with B. thuringiensis. The
whole cell fatty acid compositions of a group of industrial contaminant B. cereus isolates
deviated so much from those in the widely used commercial database that the strains were only
poorly recognised or not recognised at all as B. cereus. Better identification was obtained with
signature fatty acids 11-methyldodecanoic acid and trans-9-hexadecenoic acid, which were
present without exception in all of the more than 200 industrial contaminant isolates
representing B. cereus group and in all of the more than 30 culture collection strains. The
detection of these fatty acids provides a secure method for identifying B. cereus.
When a biological assay for the dangerous emetic toxin of B. cereus became available, it was
possible to scrutinize the emetic toxin producing strains of B. cereus for shared biochemical or
chemical properties. Negative reaction for starch hydrolysis and negative reaction for BCET-
RPLA test distinguished the emetic toxin producing B. cereus strains from the non-emetic B.
cereus strains.
B. cereus was found to be particularly rich in ribotype patterns: 40 ribotypes were obtained from
93 strains with the restriction enzyme EcoRI. Enterotoxin producers were found in numerous
different ribotypes. Genetic diversity of the emetic strains of B. cereus was narrow: the 15
strains all clustered in one ribotype and its closely similar variants.
Modified industrial starches are used for surface sizing of paper and board. The microbiological
quality of the starches affects the hygiene of food grade paperboard. The starch spoiling bacteria
were B. coagulans, B. licheniformis, B. amyloliquefaciens and B. stearothermophilus. These
species grew under mill simulating conditions at 50 °C and depolymerized starch by producing
cyclodextrins and α-glucosidase. Nisin, an antimicrobial peptide approved as an antimicrobial
additive to prevent spoilage of some foods, inhibited bacterial growth in industrial starches used
in paperboard manufacture. It inhibited the Bacillus sp., isolated from starches or from
paperboard, equally or up to 1000 times more effectively than the conventionally used biocide
2,2-dibromo-3-nitrilopropionamide. Nisin activity remained stable under conditions simulating
cooking and storage of surface sizing starches in the industry. The present high microbiological
quality of food grade paper and paperboard could be maintained by replacing part of the
4presently used process slimicides by this alternative preservative, safe for the consumer and the
environment.
1. Introduction
Papermaking, production and handling of modified starches, and dairy and some other food
processes share the sensitivity of the raw materials and process conditions often favourable for
microbial growth. Process equipment has large surfaces for microbes to settle and to form
biofilms. Heat in the dry end of the paper machine or during the ‘cooking’ of industrial starches
inactivate fungi and vegetative bacteria whereas heat resistant bacterial spores not only survive
but may become activated. Similar selection for heat resistant contaminants occurs by the
pasteurization of liquid foods. Effective cleaning and preservation techniques and good
manufacturing practices are required in these processes to maintain high hygienic quality in the
end product.
Aerobic endospore forming bacteria are widely distributed in nature. The spores are resistant to
heat, desiccation, disinfectants, ionizing radiation and UV light. Bacilli are frequent
contaminants in biomaterial-based industrial processes. They represent the major hygienic
problem in processes where heat or other treatments kill the competing, non-sporeforming
microflora. The significance of bacilli in foods such as milk products has been studied
intensively, but little information is available on their role in industrial processes, e.g. in the
production of food packaging materials.
Paper and paperboard is produced in large volumes worldwide: in 1999 the production was 12.6
million tons in Finland and 79.5 million tons in Europe. Biocides are used to reduce
accumulation of slimes and the subsequent production downtime and deterioration of the
technical and hygienic quality of paper and board. One kg of each (effective substance) ton-1 of
paper is commonly dispensed into the process at the different stages of production. Considering
the economic importance of paper and paperboard manufacture, surprisingly little published
information is available on the microbes contaminating these processes and the products.
This study focuses on the production of food packaging paper and board and a dairy process
bringing new knowledge on diverse bacterial contaminants in these biomaterial-based industries.
Aerobic bacteria producing heat-tolerant spores (named bacilli in this thesis), are the main
contaminant group. The properties of these bacteria relevant to hygiene, food spoilage and food
poisoning were studied in this work. The most prevalent pathogenic bacillus in industrial
processes is Bacillus cereus, classified to hazard category 2 (Anon., 1995; European
Commission, 1993). An industrially applicable method for differentiating the potentially
dangerous, emetic toxin producing strains of B. cereus from the non-producing strains, did not
exist when this work was initiated. Strains of B. cereus isolated from food poisoning incidents,
from the products and process of food packaging paper and board manufacture and from dairy
processes were characterized chemically, biochemically and genotypically.
Starch constitutes one to two percent of the dry weight of paper products other than newsprint
and some brands of grease proof paper. Paper industry is thus a major user of modified starches.
Over 90 % of the starches used in Finland are used by paper industry, 250 000 tons in 1999.
Preservation of industrial starches against microbial deterioration is difficult. The organisms
responsible for spoilage have seldom been identified. This gap of knowledge hampered the
design of rational strategies for preserving industrial starches against microbial spoilage. Good
novel preservation methods with minimal usage of toxic or sensitising chemicals are needed.
5Understanding the microbial spoilage and the antimicrobial sensitivities of the spoilage
organisms will facilitate the development of preservation strategies friendly towards the
environment and the consumer.
2. Review of the literature
2.1. History and taxonomy of aerobic sporeforming bacteria
The genus Bacillus was created in 1872 by Ferdinand Cohn to include rod-shaped bacteria that
grow in filaments (Claus and Fritze, 1989; Slepecky and Hemphill, 1992). Four years later Cohn
and Robert Koch independently detected that two species of the genus Bacillus were able to
form resting stages which were not easily killed by boiling (Claus and Fritze, 1989).
From 1923, after the publication of the first edition of Bergey’s Manual of Determinative
Bacteriology, it was generally accepted that the genus Bacillus should be restricted to the rod-
shaped bacteria forming endospores and growing aerobically (Fritze and Claus, 1995). In the
latest edition of Bergey’s Manual of Determinative Bacteriology in 1986, genus Bacillus was
described as Gram-positive, aerobic or facultatively anaerobic, mostly catalase positive rods
forming endospores very resistant to many adverse conditions (Claus and Berkeley, 1986). At
that time the genus comprised 34 validly described species (and 25 species incertae sedis)
having guanine plus cytosine (GC) content varying from 32 to 69 mol % (Claus and Berkeley,
1986). This indicates that the genus is heterogenous as the DNA base compositions of species
belonging to one genus should not differ by more than 10 mol % GC (Bull et al., 1992).
The genotypic and phenotypic heterogeneities of the genus Bacillus, evident already for a long
time, have supported the subdivision of this genus. Comparisons of rDNA sequences of the type
strains of many Bacillus species (Ash et al., 1991) generated the outline of phylogenetic
relations within this genus. In the beginning of the year 2000 the genus Bacillus comprised 75
validly described species. Since 1992, seven new genera were separated from the genus
Bacillus: Alicyclobacillus (four species), Paenibacillus (27 species), Brevibacillus (ten species),
Aneurinibacillus (three species), Virgibacillus (two species), Gracilibacillus (two species), and
Salibacillus (one species) (see for the valid nomenclature, for instance DSMZ, 2000). The term
‘bacilli’ in this thesis is used for all these genera; aerobic rod-shaped bacteria capable of
forming endospores that are more resistant than the vegetative cells to heat, disinfectants, drying
and other unfavourable conditions. These genera mainly belong to the low GC% lineages of the
phylogenetic map of eubacteria, together with clostridia and lactobacilli.
Classification, isolation and identification of bacilli have in the past 10 years been subject to
many reviews, e.g. by Claus and Fritze (1989), Priest (1989, 1993), Varnam and Evans (1991),
Slepecky and Hemphill (1992), and Berkeley and Ali (1994).
2.2. Occurrence of bacilli in foods and in food processes
Bacilli contaminate many kinds of foods. Some well documented cases are cited in Table 1.
6Table 1. Occurrence of bacilli in foods
Species Food Reference
Alicyclobacillus acidoterrestris apple juice Cerny et al., 1984a
Alicyclobacillus acidoterrestris fruit juices Splittstoesser et al., 1994b
Alicyclobacillus acidoterrestris acidic beverages Yamazaki et al., 1996
Bacillus cereus rice and oriental foods, milk and dairy products, spices,
   and other dried products, meat products, salads,
   pastries, dried potatoes, frozen fish croquettes Kramer and Gilbert, 1989
Bacillus cereus milk products including UHT milk and yoghurt, meat
   products, cereal products (flour, bread, rice, corn starch),
   dry foods, infant feeds, spices, bean salad, canned tuna,
   egg mayonnaise sandwich Varnam and Evans, 1991
Bacillus cereus spices, egg yolk, custard, cream pastry, past. milk,
   roasted /fried meats and poultry, rice meals, fish pate,
   pea soup, lasagne, cheeses, vegetable salads van Netten et al., 1990
Bacillus cereus pasteurized milk, yeast, flour, cocoa, bakery products,
   spices, meat products, pasta, chinese meals te Giffel et al., 1996, 1997
Bacillus cereus pasteurized milk, cheese Cosentino et al., 1997
Bacillus cereus pasteurized milk, fermented milks, ice cream, milk powder Wong et al., 1988
Bacillus cereus pasteurized milk Larsen and Jørgensen, 1997
Bacillus cereus pasteurized milk, milk products Ternström et al., 1993
Bacillus cereus dairy products Väisänen et al., 1991b
Bacillus cereus infant foods and dried milk products Becker et al., 1994
Bacillus cereus infant foods (milk based) Rowan et al., 1997
Bacillus cereus bread Rosenkvist and Hansen, 1995
Bacillus cereus noodles, spices, legume products, cooked foods Rusul and Yaacob, 1995
Bacillus cereus soybean and cereal based vegetarian foods Fang et al., 1999
Bacillus circulans pasteurized milk Chromie et al., 1989
Bacillus circulans pasteurized milk, cheese Cosentino et al., 1997
Bacillus coagulans pasteurized milk, UHT milk, cheese Cosentino et al., 1997
Bacillus coagulans acidic juices and other acidic foods Brown, 1995
Bacillus coagulans evaporated milk (flat sour spoilage) Kalogridou-Vassiliadou, 1992
Bacillus coagulans canned foods (flat sour spoilage) Setlow and Johnson, 1997
Bacillus lentus pasteurized milk, cheese Cosentino et al., 1997
7Bacillus licheniformis pasteurized milk, UHT milk, cheese Cosentino et al., 1997
Bacillus licheniformis evaporated milk (flat sour spoilage) Kalogridou-Vassiliadou, 1992
Bacillus licheniformis infant foods (milk based) Rowan et al., 1997
Bacillus licheniformis infant feed formula, vanilla sauce Salkinoja-Salonen et al., 1999
Bacillus licheniformis bread, meat dishes Varnam and Evans, 1991
Bacillus licheniformis bread Bailey and von Holy, 1993
Bacillus licheniformis bread Rosenkvist and Hansen, 1995
Bacillus megaterium pasteurized milk, cheese Cosentino et al., 1997
Bacillus megaterium bread Bailey and von Holy, 1993
Bacillus mycoides pasteurized milk, cheese Cosentino et al., 1997
Bacillus pumilus pasteurized milk, UHT milk, cheese Cosentino et al., 1997
Bacillus pumilus bread Bailey and von Holy, 1993
Bacillus pumilus bread Rosenkvist and Hansen, 1995
Bacillus sphaericus pasteurized milk, UHT milk, cheese Cosentino et al., 1997
Bacillus sporothermodurans UHT-treated milk Pettersson et al., 1996
Bacillus stearothermophilus pasteurized milk, cheese Cosentino et al., 1997
Bacillus stearothermophilus evaporated milk (flat sour spoilage) Kalogridou-Vassiliadou, 1992
Bacillus stearothermophilus canned foods (flat sour spoilage) Setlow and Johnson, 1997
Bacillus subtilis flour, cocoa, bakery products, spices, meat products,
   pasta, chinese meals te Giffel et al., 1996
Bacillus subtilis bread, meat dishes Varnam and Evans, 1991
Bacillus subtilis pasteurized milk, cheese Cosentino et al., 1997
Bacillus subtilis evaporated milk (flat sour spoilage) Kalogridou-Vassiliadou, 1992
Bacillus subtilis infant foods (milk based) Rowan et al., 1997
Bacillus subtilis bread Rosenkvist and Hansen, 1995
Bacillus subtilis bread Bailey and von Holy, 1993
Bacillus thuringiensis pasta, pitta bread, milk Damgaard et al., 1996
Brevibacillus brevis UHT milk, cheese Cosentino et al., 1997
Brevibacillus laterosporus pasteurized milk, UHT milk, cheese Cosentino et al., 1997
Paenibacillus macerans pasteurized milk, cheese Cosentino et al., 1997
Paenibacillus polymyxa pasteurized milk and milk products Ternström et al., 1993
Paenibacillus macerans evaporated milk (flat sour spoilage) Kalogridou-Vassiliadou, 1992
aidentified by Deinhard et al. (1987)
bidentified by Pontius et al. (1989)
8Maximum allowed levels have been set in some countries for food contamination by B. cereus,
for example 102 cfu g-1 (m) and 103  cfu g-1 (M) for dried baby foods in Finland
(Elintarvikevirasto, 1984), 103 cfu g-1 (m) and 104  cfu g-1 (M) for freshly cut vegetables and
sprouts in France (European Commission, 1997), 102 cfu g-1 (m) and 104  cfu g-1 (M) for vanilla
sauce powder and other dried products from non-fermented milk, and 103 cfu ml-1 (m) and 104
cfu ml-1 (M) for most pasteurized milk products and several other foods in Sweden
(Livsmedelsverket, 1998). The Dutch authorities have set as a general rule that the number of B.
cereus in all foodstuffs should be ≤105 cfu g-1 (European Commission, 1997). The frequency of
other bacilli in foods appears not to be regulated.
Surprisingly, products containing B. cereus as the effective substance are sold as additives for
animal feed and as biocontrol agents for paper machines. B. thuringiensis, which is
taxonomically identical to B. cereus and produces the same enterotoxins (Damgaard et al.,
1996), is widely used as biopesticide e.g. in vegetable farming. Because of the longevity of the
spores, this biopesticide is likely to persist in the treated vegetables and may thus enter different
foods.
2.3. The significance of bacterial contamination in paper and board production
Paper and board machine wet end and stock systems contain low but significant amounts of the
main nutrients and trace elements. The content of water and oxygen, as well as the temperature
(30-55 °C) and pH (4-10) permit the growth of many microbes (May, 1991; Väisänen et al.,
1998). Microbes spoil the raw materials, cause fouling leading to machine runnability problems,
promote corrosion, and deteriorate the technical product quality (Väisänen et al., 1998). The
bacteria of concern in food-grade packaging are those capable of forming endospores (Bendt,
1985). The organisms frequently found in finished paper and paperboard were identified as
species of the genus Bacillus (Väisänen, 1989; Väisänen, 1991a).
The hygienic safety approach by internal control and the hazard analysis critical control point
(HACCP) are principles enforced in food industry. During the past few years these have also
been implemented to the production of food packaging materials.
2.4. Degradation of starch by bacteria
Starch is a glucopyranose polymer and constitutes the principal storage polysaccharide of plants,
occuring in granular form. Mainly maize, potato, wheat, rice, and barley are utilized for the
commercial production of starch (Wurzburg, 1987; Kennedy et al., 1987). Starch has technical
properties that make it a useful process chemical for many kind of processes, also for non-food
like paper, textile, pharmaceutical, and adhesive industries.
Starch is actually a mixture of two different glucopyranose polymers, amylose and amylopectin.
Amylose is essentially a linear molecule consisting of >1000 glucose monomers linked by α-1,4
glucosidic bonds. Amylopectin is a highly branched molecule in which the chains of about 20
glucose monomers linked by α-1,4 glucosidic bonds are connected by α-1,6 linkages (Warren,
1996).
A wide variety of microorganisms, mainly moulds, bacilli and some other Gram-positive
bacteria produce and excrete exocellular starch depolymerizing enzymes having different
specificities as shown in Fig. 1 and Table 2. Enzymatic degradation of starch quickly impairs the
technical and hygienic quality of starch. Plate count of 105 cfu of aqueous starch ml-1 indicates
9seriously deteriorated quality (Maher and Cremer, 1987). Starch depolymerizing enzymes of
many bacilli like B. licheniformis, B. amyloliquefaciens, B. stearothermophilus, B. megaterium,
B. subtilis and Alicyclobacillus acidocaldarius have been widely studied because of their
biotechnical importance in liquefaction of starch (reviewed by Fogarty and Kelly, 1979; 1990;
Vihinen and Mäntsälä, 1989; Pócsi, 1999). However, the bacterial contamination aspect of
industrial starch has been discussed in few reports (Frieden, 1940; Radley, 1976; Poock, 1985;
Robertson, 1994).
Fig. 1. Cleavage sites of starch depolymerizing enzymes produced by members of the genera
Bacillus, Paenibacillus, Alicyclobacillus and Brevibacillus. Modified from Vihinen and
Mäntsälä (1989) and Kennedy et al. (1987).
α-amylase
1,6 linkage
1,4 linkage
pullulanase,
isoamylase
α-glucosidase
β-amylase
CGTase
CDase
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Table 2. Enzymes depolymerizing starch. Compiled from Kennedy et al. (1987) and Fogarty and
Kelly (1990).
trivial name systematic name E.C.
number
specific
activity
α-amylase 1,4-α-D-glucan glucanohydrolase 3.2.1.1 endo (1→4)
β-amylase 1,4-α-D-glucan maltohydrolase 3.2.1.2 exo (1→4)
α-D-glucosidase 1,4-α-D-glucoside glucohydrolase 3.2.1.20 exo (1→4)
glucoamylase 1,4-α-D-glucan glucohydrolase 3.2.1.3 exo (1→4),
(1→6)
exo-(1→4)-α-D-
  glucanase
- - exo (1→4)
cyclodextrin
  glycosyltransferases
  (CGTases) (α,β,and γ)
1,4-α-D-glucan 4-α-D-(1,4-α-D-
  glucano)-transferase (cyclising)
2.4.1.19 endo (1→4)
cyclodextrinase (CDase) cyclomaltodextrin dextrin
  hydrolase (decyclising)
3.2.1.54 endo (1→4)
pullulanase pullulan 6-glucanohydrolase 3.2.1.41 (1→6)
isoamylase glycogen 6-glucanohydrolase 3.2.1.68 (1→6)
amylo-1,6-D-glucosidase dextrin 6-α-D-glucosidase 3.2.1.33 (1→6)
2.5. Control of contaminant bacteria in paper industry
Microbial growth at the paper machine is controlled by adjusting the temperature and dispensing
biocides into the system. The biocidal products used are broad spectrum slimicides effective
over a range of several units of pH. The use of biocides is regulated by Biocide Directive
98/8/EC (European Commission, 1998), by the US Environmental Protection Agency (EPA,
2000) and by other national authorities. Chemical biocides approved for industrial use in
Finland are listed in Table 3. Biocides to be employed in the production of paper and
paperboard for food contact are regulated by FDA (1999) and e.g. by the Ministry of Trade and
Industry in Finland (1993).
Biocides are toxic by definition (Rossmoore, 1995) and some like the isothiazoline derivatives
and glutaraldehyde are also sensitising (Fransway, 1988; Eriksson et al., 1995). Desinfectants
and biocides are generally designed to exhibit poor biological selectivity. The cellular
mechanisms of the antibacterial activity include membrane disruption, macromolecule
dysfunction, metabolic inhibition and crosslinking (McCoy, 1980; Block, 1983; Paulus, 1993;
Denyer and Stewart, 1998). Glutaraldehyde and oxidizing chemicals, such as chlorine dioxide,
are the only chemicals in the approved list (Table 3) capable of inactivating bacterial spores.
Nonoxidizing biocides are intended for inhibition of reproduction of bacteria and fungi. They
are effective on sporeforming organisms only when these are in the vegetative state (Bendt,
1985).
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Table 3. Effective substances of biocides and slimicides approved for industrial use in Finland
(Finnish Environment Institute, 2000). Total usage in 1998 in Finland was 644 tons consisting
mainly of glutaraldehyde (298 tons), organic bromine compounds (91 tons),
methylenebisthiocyanate (63 tons) and isothiazolines (9 tons) (Finnish Environment Institute,
1999).
Crosslinking agents:
      glutaraldehydea
Oxidizing biocides:
      hydrogen peroxidea
      peracetic acid
      sodium hypochloritea
      chlorine dioxidea
      2-bromo-2-nitropropane-1,3-diol (Bronopol) a
      2,2-dibromo-3-nitrilopropionamide (DBNPA) a
      bromo-chloro-5,5-dimethylhydanthoins (BCDMH):
            3-bromo-1-chloro-5,5-dimethylhydanthoin
            1-bromo-3-chloro-5,5-dimethylhydanthoin
Chelating agents:
      methylenebisthiocyanatea
      N-hydroxymethyl-N-methyldithiocarbamates
Formaldehyde releasing agents:
      methylenebisthiocyanatea
      triazines (3,5-dimethyltetrahydro-2-thio-1,3,5-(triazine) a
Metabolic inhibitors:
      5-chloro-2-methyl-4-isothiazolin-3-onea
      2-methyl-4-isothiazolin-3-onea
      (thiocyanomethylthio) benzothiazole (TCMBT) a
Amine derivatives:
      polyoxyethylene bis-(dimethyliminoethylene) dichloride
aAllowed in manufacture of paper and board intended for food contact (Ministry of Trade and
Industry, Finland, 1993)
2.6. Nisin and its applications
Nisin (E-234) is a naturally produced compound with antimicrobial activity. It is authorised for
preserving foods in more than 50 countries (Delves-Broughton et al., 1996). Applications for
nisin have been described for e.g. food, feed and cosmetic preservation (Taylor, 1986;
Anderson, 1991), disinfecting of surfaces (Daeschel and McGuire, 1995) and manufacturing
antimicrobial food packing films (Wilhoit, 1997). The major food uses are processed cheese
products, other milk products and canned foods (Ray, 1992). Maximum level of addition is
regulated in some countries, usually to 12-200 mg kg-1 (Ray, 1992).
Nisin is an antimicrobial peptide, ribosomally-synthetised and post-translationally modified by
Lactococcus lactis subsp. lactis. The molecule is composed of 34 amino acids and it contains
intramolecular rings formed by the thioether amino acids lanthionine and β-methyllanthionine
(Jack et al., 1995; De Vuyst and Vandamme, 1994). Nisin acts in a concentration-dependent
fashion both in terms of the amount of nisin applied and the number of vegetative cells or spores
to be inhibited or killed (Delves-Broughton et al., 1996). The bactericidal mechanism of nisin
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involves pore formation in the cytoplasmic membrane, leading to an efflux of amino acids,
potassium, inorganic phosphate, and a partial efflux of intracellular ATP (Abee, 1995; Moll et
al., 1996; Montville and Chen, 1998). The biology, properties, biosynthesis, genetics and
applications of nisin and other lantibiotics have been the subjects of comprehensive reviews
(e.g. Ray, 1992; de Vuyst and Vandamme, 1994; Rauch et al., 1994; Sahl et al., 1995; Delves-
Broughton et al. 1996, Sahl and Bierbaum, 1998).
Nisin inhibits the majority of the Gram-positive bacteria tested so far and also many Gram-
negative bacteria if presensitised with chelating agents such as EDTA, osmotic shock, sublethal
heat, or freezing, to convert the cytoplasmic membrane accessible to nisin (Kordel and Sahl,
1986; Stevens et al., 1991; Delves-Broughton, 1993; Blackburn, 1997; Gänzle et al., 1999).
Both the vegetative cells and the spores of bacilli were reported to be sensitive to nisin (Ray,
1992; DeVuyst and Vandamme, 1994). Spores of a sensitive strain were claimed to be more
sensitive to nisin than the vegetative cells (Delves-Broughton et al., 1996). Nisin possibly
inhibits the spores during the early stages of germination (Ray, 1992).
The inhibitory effect of nisin alone against different bacilli has been shown in laboratory media
and in foods, as well as in combination with physical (heat, pulsed-electric field, high
hydrostatic pressure) and chemical (e.g. acids, monolaurin, sucrose fatty acid esters, and
carvacrol) treatments (Komitopoulou et al., 1999; Roberts and Hoover, 1996; Ray, 1992;
Beuchat et al., 1997; Thomas et al., 1998; Mansour et al., 1999; Beard et al., 1999; Kato et al.,
1999; Pol and Smid, 1999; Pol et al., 2000).
Nisin is water soluble and stable at pH ≤4, also at high temperature (Ray, 1992; Davies et al.,
1998). Its antimicrobial activity is best at low pH and it becomes inactive at pH 8 (Ray, 1992). It
is insensitive to proteolytic attack by trypsin but α-chymotrypsin, pancreatin, and ficin can
destroy its antibacterial property (Ray, 1992). One explanation for the insensitivity of some
bacilli to nisin may thus be the production of proteolytic extracellular enzymes. Because of the
sensitivity of nisin to proteolytic enzymes, it is likely that nisin does not persist after being
discharged into the environment.
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3. Aims of the study
The aims were to:
1. Identify the bacteria contaminating food packaging board and to characterise their properties
relevant to food spoilage and food safety.
2. Investigate the physiological and the chemotaxonomical diversity of Bacillus cereus
contaminating dairy process and products.
3. Evaluate methods for recognising and reliably identifying B. cereus strains with food
poisoning potential and their environmental reservoirs.
4. Assess the applicability of nisin for controlling microbiological contamination in industrial
starches.
4. Materials and Methods
Industrial contaminant bacilli were isolated from paper and paperboard, paper mills, surface
sizing starch and from dairy process as described in Papers I, II, III and IV. The strains
originating from food, food poisoning incidents or live trees were obtained from culture
collections and from other researchers if not isolated by the author as described in Papers I, II,
III and IV.
Methods used in this thesis are listed in Table 4.
5. Results and discussion
Part of the results will be published in Pirttijärvi et al. (2000).
5.1. Bacilli contaminating paper and board manufacturing process and their properties
related to food spoilage and food safety
Microbes in food packaging material reduce its hygienic quality. Although the microbiological
quality of food grade paper and board is not legally regulated, manufacturers and users of this
material generally follow the Dairyman’s standard which was established already in 1939 but is
essentially the same as the current standard of Food and Drug Administration (FDA, 1991; May,
1994), stating that the microbial count should not exceed 1 cfu cm-2 or 250 cfu g-1. We found
that the microbial counts in food grade paper and board were usually well below the limits set
by FDA, indicating that the hygienic quality was high (Paper I). Similar numbers were reported
by Väisänen et al. (1991a), Kamei et al. (1991), and Kneifel and Kaser (1994). Contamination
up to 104 cfu g-1 in homogenated paperboard was only occasionally found (Paper I). This result
relied on the high temperature of the paper manufacturing process along with the use of virgin
fibre as raw material and dosing biocides into the process. Most brands of food packaging board
are extrusion coated with polyethylene. In this study we found that the contamination of the
inner surface of cartons intended for liquid foods rarely exceeded 10 cfu per package of one
liter.
We isolated aerobic bacteria (n >300) at 28 °C and at 50 °C from food packaging paper and
board products and from the manufacturing processes of several mills in several countries and
identified them initially by whole cell fatty acid analysis. Species identified by the author and in
earlier work in this laboratory using whole cell fatty acid analysis are listed in Table 5. Over 90
% of the isolates in paper and board products were assignable to the genera Bacillus,
Paenibacillus or Brevibacillus (Paper I). The most common species in paperboard were B.
megaterium, B. licheniformis, B. cereus group, B. pumilus, P. macerans and P. polymyxa.
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Table 4. The methods used in this study
Analysis Method Description Reference (manufacturer)
Isolation and enumeration of bacteria
   in homogenated paperboard Paper I, IV TAPPI standard T449 om-90
   on inner surface of carton packages Agar overlay method Paper I this thesis
   in starch Plating on starch agar or nutrient agar Paper IV
Isolation and enumeration of Bacillus cereus FDA protocol Paper III
Identification of bacteria
   whole cell fatty acid composition Gas chromatography of methyl esters Paper I,II,III,IV Väisänen et al. (1994)
   oxidation of carbon sources Microtiter plate assay Paper I Biolog
   partial 16S rDNA sequencing Paper I,II,IV Rainey et al. (1996)
Ribotyping Paper III Bruce (1996)
Bacillus cereus serotyping Specific antisera Paper III Kramer et al. (1982)
Temperature limits for growth Incubation in broth Paper I this thesis
Gradiplate temperature gradient incubator Paper I,II
Bacillus cereus emetic toxin Inhibition of boar spermatozoa motility Paper III Andersson et al. (1998)
Bacillus cereus enterotoxin ELISA-VIA (test kit detects non-haemolytic
enterotoxin)
Paper I,II,III Tecra; Granum and Lund (1997)
Bacillus cereus enterotoxin BCET-RPLA (test kit detects haemolysin BL) Paper I,III Oxoid; Beecher and Wong  (1994)
Hydrolysis of starch, casein, Tween 80 and lecithin Agar plate tests Paper I
Starch depolymerization and cyclodextrin production Starch agar plate test Paper IV this thesis
α-Glucosidase production Fluorometry using MUF-conjugated surrogate
subtrate
Paper IV this thesis
Resistance of spores to hydrogen peroxide Turbidometric assay Paper I this thesis
Measurement of bacterial densities Nephelometry Paper IV this thesis
Monitoring of growth by optical density Kinetic turbidometry Paper I, IV
Metabolic activity by resazurin reduction Kinetic fluorometry Paper IV Ali-Vehmas et al. (1991)
Cellular content of ATP Luminometry, ATP Biomass kit Paper IV BioOrbit
Determination of phage genome size Pulsed field gel electrophoresis (PFGE) Paper II Carlson and Kolstø (1993)
Transmission electron microscopy Paper III Andersson et al. (1998)
Nisin activity Bioluminescence assay Paper IV Wahlström and Saris (1999)
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Table 5. Aerobic sporeforming bacteria found in food grade paper and board products, raw
materials and processing environments. Identifications are based on conventional methods,
including whole cell fatty acid composition and 16S rDNA sequencing when indicateda. Data
from Papers I, III, and IV and from Väisänen and Salkinoja-Salonen (1989); Väisänen et al.
(1991a); Suominen et al. (1997).
Frequently found Sporadically found
Bacillus amyloliquefaciens Bacillus chitinosporusb
Bacillus cereus Bacillus firmus
Bacillus circulans Bacillus globisporus
Bacillus coagulansa Bacillus haloduransa
Bacillus flexusa Bacillus longisporusb
Bacillus licheniformis Bacillus stearothermophilus
Bacillus megaterium Brevibacillus laterosporus
Bacillus mycoides Paenibacillus pabuli
Bacillus pumilus Paenibacillus validus
Bacillus sphaericus
Bacillus subtilis
Bacillus thuringiensis
Brevibacillus brevis
Paenibacillus macerans
Paenibacillus polymyxa
bnot an approved species name
The routes of contamination from the package to food include the surface, cutting dust or
direct contact to the raw edge of the paperboard. To eliminate the raw edge, the cartons
intended for liquid foods with long shelf-life and for aseptic packaging are usually skived (Fig.
2). The skiving process generates dust, possibly explaining why we occasionally observed
colony forming units scattered on the inner surface of the skived carton package. In non-skived
cartons, confluent growth was often observed along the raw edge in agar overlay method.
Nevertheless, during an extended storage (12 d) of milk at 10 °C, there was indication of more
frequent spoilage of skived CTMP (chemical thermomechanical pulp) cartons compared to
non-skived (NordFood, 1999).
Bacilli commonly found in food packaging boards were found to possess one or several of the
following properties potentially relating to food spoilage: food degrading enzyme activities,
growth at a refrigerated temperature or at ≥ 50 °C and tolerance to a wide range of pH (Table
6).
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Fig. 2. Two modes of side sealing of cartons intended for liquid foods. For long shelf-life
products the raw edge is folded away by the skiving process (A): Half of the thickness of the
paperboard is erased. The skiving dust is removed by vacuum. The polyethylene covered edge
of the paperboard is folded to duplex and compressed between two metal wheels. For short
shelf-life products a raw cutting edge is left accessible to liquid contact (B). Finally, in both
modes, the polyethylene layers of the sealing areas are fused by heat and pressure. Modified
from a drawing of R. Pitkänen, Elofin Oy.
Sealing of skived edge
Interior of 5th panel
Exterior of 1st panel Gap between skived and 
base material  areas
seal
Enlargement of skived edge
5th panel
55-60 % of total thickness
A
B
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References: aVäisänen et al., 1989; bPaper I; cPriest, 1989; dDeinhard et al., 1987, ePettersson et al., 1996; fYamazaki et al., 1996; gKramer and
Gilbert, 1989; hBeattie and Williams, 2000; iGranum, 1997; jSalkinoja-Salonen et al., 1999; kJackson et al., 1995; lVarnam and Evans, 1991;
mJenson, 2000; nKotzekidou, 2000; oBrown, 1995; pJensen, 1999; qMeer et al., 1991; rPaper II;  sGriffiths, 1990; tvan Netten et al., 1990;
uHuemer et al., 1998; vTurnbull and Kramer, 1995.
wD140 value 3.4-7.9 s for B. sporothermodurans and 0.9 s for B. stearothermophilus
+, majority of the strains positive; -, majority of the strains negative; ±, substantial proportion of strains differ
Table 6. Properties of bacilli related to food spoilage and food poisonings
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Hydrolysis of food components
starch a,b,c,d,e,f ± + ± + + + + ± ± - - - + + + - - + + + +
casein a,b,c,e + + - ± + + + + + ± - ± + + + ± - ± ± -
lipid (tested with Tween 80) b + + - + + - + ± - - - ±
lecithin b ± ± - + - - ± - - - - -
Associated in food poisoning incidents g,h,i,j,k,l,v + + + + + + +
Defects in foods
spoilage of low acid canned foods m, n + + + + + + +
spoilage of high acid foods o,p,m + + + +
sweet curdling q + + + +
bitty cream q,m + + + +
Temperatures for growth and survival
growth at < 6 °C b,r,q,s,t ± ± ± - ± ± ± ± ± ± ± - ± ±
growth at > 55 °C b,c,d ± + - - + - + - - - + - - ± - - - - -
extremely heat resistant sporesw u + +
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European legislation classifies bacteria into three categories based on the biological hazard
(Anon., 1995; European Commission, 1993). Large culture collections maintain the
nomenclatural database of all validly described bacteria (e.g. DSMZ, 2000). The culture
collection database provides information on the current categorisation by biohazard of each
species, based on the ability to infect humans but it does not take into account the routes of
illness based on food poisoning. B. anthracis is categorised as hazard group 3 and B. cereus in
group 2. B. weihenstephanensis, comprising the psychrotolerant strains of the former B. cereus,
was recently validated as a separate species (Lechner et al., 1998). Lechner et al. stated that
consequently this species should also be categorised as hazard group 2. In addition to B.
anthracis and B. cereus, also B. licheniformis, and B. subtilis are known as capable of infecting
humans (Hall and Pezzlo, 1992; Turnbull and Kramer, 1995). B. licheniformis, B. pumilus, B.
sphaericus, B. subtilis, B. thuringiensis and Br. brevis have been incriminated in foodborne
illness (Table 6).
B. cereus, B. thuringiensis, B. anthracis, B. mycoides and B. weihenstephanensis form a
phenotypically and genotypically closely related group, often referred to as the B. cereus group.
B. cereus and B. thuringiensis are known as producers of diarrhoeal toxins (Granum, 1997;
Damgaard et al., 1996) and both species have been described as causative agents in foodborne
illness (Granum, 1997; Jackson et al., 1995;). B. cereus and B. thuringiensis thus are of
relevance for food industry and food packaging industry. About 10 % of the contaminant bacilli
isolated from liquid packaging boards belonged to B. cereus group (Paper I).
Human illness due to B. anthracis is extremely rare in developed countries (Baillie, 2000) but
due to the close biochemical similarity of B. anthracis to the other B. cereus group bacilli,
researchers using commercial databases based on phenotypic characteristics may occasionally
have seen their isolate identified as B. anthracis.
Non-sterility problems of UHT milk have been reported in several countries and the responsible
organism has been found, a new species, B. sporothermodurans (Pettersson et al., 1996). Its
spores are the most heat resistant aerobic spores ever described (Table 6) (Huemer et al., 1998)
surviving 140 °C for several seconds. It thus may survive better than the other bacillus spores at
the temperature of the dry end of the paper machines (final temperature 140-150 °C). So far it
has not been detected in paper products but this may be a bias related to lack of adequate studies
on this new species. B. sporothermodurans grows poorly on nutrient agar but well in brain heart
infusion agar and is negative in most biochemical tests (Pettersson et al., 1996). Identifications
based on ribotyping, pyrolysis mass spectrometry (Pettersson et al., 1996), RAPD and REP-
PCR fingerprinting (Klijn et al., 1997) have been reported for B. sporothermodurans. We found
that the main fatty acids of B. sporothermodurans type strain DSM 10599T  were 15:0 iso  (44
%),  17:0 anteiso  (20 %),  15:0 anteiso  (19 %) and 17:0 iso (9 %) when grown under standard
conditions as reported in Paper I.
Alicyclobacillus acidoterrestrisis is an acid-tolerant and heat-resistant sporeformer, (Deinhard et
al., 1987; Wisotzkey et al., 1992). It causes a ‘disinfectant’ or an ‘antiseptic’ taint in fruit juices
and is a worldwide spoilage problem in pasteurized and heat-treated juices (Brown, 1995;
Jensen, 1999). So far there is no report on this bacterium in food packaging materials but judged
on its properties it may have potential in contaminating acid (pH < 5.5) papermaking processes.
A. acidoterrestris does not grow at neutral pH and thus may have been overlooked in the present
study as well as in the earlier reports (Väisänen et al., 1991a; 1998) because of neutral pH of
isolation media used.
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5.2. Detection and typing of B. cereus in industrial processes
Reliable detection methods for B. cereus, a hazard category 2 species, are prerequisite for the
microbiological safety in sensitive industries. Detection and typing methods for B. cereus were
recently compiled in a review by te Giffel et al. (2000). The international isolation, enumeration
and detection methods for B. cereus (Table 7) are based solely on biochemical properties and
primarily on the positive lecithinase reaction.
We isolated aerobic sporeforming bacteria on a non-selective medium from food packaging
board and from industrial processing environments (Papers I and III). Eight out of the 31 paper
industry isolates of B. cereus were lecithinase negative (3 days incubation at 30 °C) or had only
a weakly positive reaction after prolonged (7 d) incubation (Table 8). These strains would not
have been identified as B. cereus colonies on the traditionally used media. The lecithinase
negative isolates produced enterotoxins (detected by the latex agglutination test BCET-RPLA
and the ELISA visual immunoassay) similarly to the lecithinase positive ones and were by
phylogenetic criteria (16S rDNA sequence) identical to type strain of B. cereus (Paper III).
Gilbert and Taylor (1976) reported that in two food poisoning outbreaks the implicated B.
cereus strains gave only a weak egg yolk reaction. Problems in the detection of lecithinase
negative strains of B. cereus have been discussed by Jenson (2000), van Netten and Kramer
(1995) and Holbrook and Anderson (1980). Also the international standards (ISO, 1993; IDF,
1998) note that some strains of B. cereus may produce little or no lecithinase. Thus the
lecithinase negative colonies on the isolation plates may or may not represent B. cereus and
should be subjected to confirmation tests. Lecithinase negative B. cereus may represent a hidden
hazard for food poisoning in food and food packaging industry if the hygienic control only relies
on the standard methods for B. cereus detection.
Table 7. Characteristics of typical Bacillus cereus according to international isolation,
enumeration and detection methods: International Organization for Standardization (ISO, 1993);
International Dairy Federation (IDF, 1998); Food and Drug Administration (FDA, Rhodehamel
and Harmon, 1998); AOAC International (AOAC, 1995); The Nordic Committee on Food
Analysis (NMKL, 1997).
ISOa IDF FDA AOAC NMKL
production of lecithinase (24-48 h incubation) xb xb x x x
negative for mannitol fermentation x x x x x
reduction of nitrate to nitrite x x x x
β-haemolysis x x
production of acetylmethylcarbinol x x x x
decomposition of L-tyrosine x x
growth in presence of 0.001 % lysozyme x x
anaerobic production of acid from glucose x x x x
aalso adopted as European CEN standard
bit is mentioned in the standard that some B. cereus strains have only a slight egg yolk reaction
or none at all, and that the suspect colonies must be confirmed by biochemical or microscopic
examinations
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Table 8. The occurrence of atypical B. cereus in industrial processes. Compiled from the data
in Papers I, II, and III
No. of
B. cereus
No. of isolates
isolates tested Origin
Lecithinase negative (72 h) 8 (26 %) 31 Food packaging board
  manufacturing process
Nitrate reductase negative 74 (77 %) 96 Whey manufacturing process
Weakly casein hydrolysing 35 (36 %) 96 Whey manufacturing process
Not or only poorly recognised by
  commercial whole cell fatty
  acid library (MIDI Inc.)
12 (13 %) 96 Whey manufacturing process
Nitrate reduction is listed by FDA (Rhodehamel and Harmon, 1998) among the properties
required for identifying B. cereus. Seventy-seven percent out of the 96 B. cereus strains isolated
in the cheese dairy study described in Paper II were nitrate reductase negative (Table 8). Of the
same strains, 36 % hydrolysed casein only weakly after prolonged incubation (Paper II). In other
environments, presumptive B. cereus isolates from selective media incapable of nitrate
reduction have also been detected (Logan and Berkeley, 1984; Mosso et al., 1989; te Giffel et
al., 1997). We conclude that the analysis of biochemical properties of presumptive B. cereus
strains (isolated from media selective for B. cereus) does not give sufficient grounds for
evaluating the food poisoning risk connected to the species B. cereus. The fact that many
industrial process isolates (Table 8) phenotypically deviated from the set of characteristics
defined for B. cereus in the various international analytical standards (Table 7) may cause
underreporting of B. cereus in industrial hygiene surveys.
Whole cell fatty acid analysis is a widely used method for the identification of bacilli (Paper I;
Kaneda, 1977; Väisänen and Salkinoja-Salonen, 1989; Väisänen et al., 1991a, b; Kämpfer,
1994). Twelve of the 96 isolates of B. cereus from the whey manufacturing line of a cheese
dairy studied in Paper II were not or only poorly recognized as B. cereus by a widely used
commercial whole cell fatty acid library (Table 8). Yet such strains produced diarrheal toxin
detected by the ELISA-VIA and by the BCET-RPLA test kits and were 100 % similar to the B.
cereus type strain in 16S rDNA sequence (500 nucleotides) proving that also these atypical
strains were B. cereus (Paper II).
We analysed the whole cell fatty acid composition of over 130 B. cereus group isolates from
paper and dairy industries and 40 B. cereus group strains from other sources, and found that all
strains, including the biochemically aberrant isolates and those whose whole cell fatty acid
composition was not recognised by the commercial database (Paper II), contained 11-
methyldodecanoic acid and trans-9-hexadecenoic acid (Papers I, II and III). Also B. cereus
group strains analysed by Väisänen and Salkinoja-Salonen (1989) and Väisänen et al. (1991b)
contained these two fatty acids. The presence of these signature fatty acids may be used as a
chemical indicator to detect B. cereus in industrial process lines and for product control. This
does not necessarily require isolation of pure cultures, because the two signature fatty acids can
be quantified in the biomass from plate count petri dishes containing also non-cereus colonies.
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We observed that aberrant B. cereus biotypes were dominant in the warm parts of the whey
processing line in a cheese dairy but rare in the milk or the early (cold) parts of the process
(Paper II). The composition of whole cell fatty acids and the phage sensitivities of B. cereus also
differed in the two ends of the process, indicating that the later part of the process was colonized
by a specific B. cereus population absent or only rarely present in the raw milk. This situation
persisted during the several months of observation. An explanation for the specificity of
colonization may lie in the different adhesiveness of spores of different biotypes of B. cereus to
process equipment  (Rönner and Husmark, 1992; Husmark, 1993; Andersson, 1998).
Genetic diversity was large among the industrial isolates. Seven out of the 17 strains originating
from the whey process shared ribotype but all B. cereus strains isolated from the products of
different dairies showed different ribotypes (Paper III). The results indicate dairy specific B.
cereus contamination. Also the B. cereus contaminant strains from paper industry showed large
diversity: 16 different ribotypes were found among the 32 strains tested.
5.3. Identifying the emetic toxin producing strains of B. cereus
B. cereus causes diarrhoeal and emetic types of food poisoning. Numerous reports document the
occurrence of enterotoxin producing strains of B. cereus / B. thuringiensis in food and in other
environments (Christiansson, 1989; van Netten et al., 1990; Sutherland 1993, Rusul and
Yaacob, 1995; Damgaard et al., 1996; Granum, 1997). Little is known on the prevalence or on
the environmental reservoirs of the more dangerous, emetic toxin producing B. cereus. The
reason for this gap of knowledge is the lack of recognition methods suitable for routine use. The
recently developed sensitive bioassay based on the motility of boar spermatozoa (Andersson et
al., 1998) enabled identifying emetic toxin producing B. cereus strains directly isolated from the
environment.
Characteristics of 22 B. cereus isolates from serious emetic or diarrhoeal type food poisoning
incidents (Paper III) are shown in Table 9. Eleven of these isolates were verified as producers of
the emetic toxin (Paper III). These emetic toxin producers originated from outbreaks occurring
in USA, Japan and Europe, collected over a period of twenty-five years. In sharp contrast to the
physiological (Table 3 in Paper III) and genetic (Table 3 and Fig. 3 in Paper III) diversity
among the enterotoxin producing strains of B. cereus, the emetic strains formed a clone by
several criteria: none of the isolates hydrolysed starch, all were negative in the BCET-RPLA test
(targeted on the enterotoxin haemolysin BL, Table 4) and none grew at 6 °C. Shinagawa (1990,
1993) observed that B. cereus isolates from the emetic type of outbreaks shared inability to
hydrolyse starch and to ferment salicin, features which distinguished them from non-emetic
isolates. The emetic toxin production thus appears to be restricted to a group with a distinct
biochemical make-up.
B. cereus group revealed an extreme diversity of ribotypes. We found 40 ribotypes from 93
strains with the restriction enzyme EcoRI (Paper III). Andersson et al. (1999) ribotyped 50
strains and found 36 ribotypes in total with EcoRI and PvuII. By comparing the ribotypes of the
93 B. cereus strains we found that, using EcoRI, all emetic strains were closely similar: they
formed a tight cluster and shared a signature band at ca. 3.3 kb (Fig. 3 in Paper III). This band
was generally absent in industrial, environmental, and food isolates and could thus be used to
screen for emetic isolates.
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Table 9. Properties of emetic and non-emetic B. cereus isolates from serious food poisoning
incidents (n=22). The number of positive strains of the number of strains tested is shown.
Compiled from data in Paper III.
Emetica Non-emetica
Hydrolysis of starch  (30 °C, 3 d) 0/11 7/11
Serotype H1 (9/9) H1 (2/6), H11 (2/6),
H17 (1/6),
H17/13/3 (1/6)
Enterotoxin production
   by BCET-RPLA 0/11 6/11
   by ELISA-VIA 6/10 6/9
Growth at 6 °C 0/6 5/10
 aProduction of emetic toxin was tested by boar spermatozoa toxicity assay (Andersson et al.,
1998) using purified cereulide from strain F4810/72 as positive reference
In addition to the strains originating from food poisoning incidents, one dairy strain and four
strains isolated from live forest trees (Hallaksela et al., 1991) also possessed the signature band
of 3.3 kb. The dairy strain was negative for the emetic toxin under the cultivation conditions
tested but the B. cereus strains (NS58, NS88, NS115 and NS117) from live trees were positive
(Andersson, 1999; Pirttijärvi et al., 2000). All emetic strains were closely similar also when
ribotyped using a different restriction enzyme, PvuII (Fig. 2 in Paper III). These data show that
the emetic toxin producing B. cereus formed a clone, unlike the enterotoxin producers which
shared a great genetic diversity.
One (NS58) of the environmental emetic strains grew at +6 °C, unlike the emetic strains
originating from food poisoning incidents. The toxin from another environmental isolate, the
strain NS115, was analysed and found structurally identical to the cereulide, purified from the
food poisoning strains  NC7401 and F4810/72 (Andersson, 1999). Cereulide is the emetic toxin
of food poisoning B. cereus (Agata et al. 1994, Andersson et al. 1998). Andersson (1999) was
the first to report on emetic toxin producing B. cereus isolated from natural sources other than
food. These environmental emetic strains were negative for BCET-RPLA test and for starch
hydrolysis, similarly to the emetic toxin producing strains from food poisoning incidents.
Although the final test for the emetic toxin of B. cereus is the toxin bioassay, conveniently
carried out as the spermatozoa motility inhibition test, good indications for emetic strains are
also a negative reaction in starch hydrolysis and a negative outcome in BCET-RPLA together
with a specific ribotype (Fig. 3). So far, we found no contamination by emetic toxin producing
strains of B. cereus  in the studied industrial process environments and no literature report was
found on this matter.
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Fig. 3. Ribotype patterns of emetic B. cereus DNA cut with (A) EcoRI and (B)PvuII.
Ribotyping was done as described in Paper III except that the fragment sizes were determined
using the RiboPrinter  system Data Analysis Program, revision 11.2 1999 (Qualicon, DuPont,
Wilmington, DE). The sizes of the marker bands (bottom lane) are 1.1, 2.2, 3.2, 6.5, 9.6 and 48
kb.
5.4. Preservation of surface sizing starch against deterioration by bacilli
We frequently isolated Bacillus coagulans from surface sizing starches used in paper mills
(Paper IV). All industrial contaminant Bacillus strains depolymerizing starch also produced
cyclodextrins. The thermotolerant Bacillus coagulans starch isolates, B. licheniformis, B.
amyloliquefaciens and B. stearothermophilus (growth at ≥50 °C) also had α-glucosidase activity
(Paper IV). Activity of cyclodextrin glycosyl transferase (CGTase) can be observed as a zone of
cyclodextrin precipitation around the bacterial streaks on starch agar plates, as shown for the
industrial contaminant strains B. coagulans S35 and B. flexus TSP3b in Fig. 4. Members of
several Bacillus species have been shown to produce cyclodextrins (Vihinen and Mäntsälä
1989; Penninga et al, 1995; Pócsi, 1999) but, to our knowledge, cyclodextrin production by B.
flexus has not been reported. B. flexus was described in 1988 (Priest et al., 1988) and validated
in 1989 (Anon. 1989). Strains of B. flexus may have been misidentified as B. megaterium in the
literature. It is noteworthy that bacteria depolymerizing starch by CGTase did not always give a
positive starch degradation response (=a colourless zone) in the traditional Lugol’s solution
overlay method on starch agar. The transparent zone around the bacterial streak on starch agar,
visible after cooling the plate, therefore is a better indication of starch depolymerization.
Sporeforming thermotolerant starch degrading bacteria are important in deteriorating the surface
sizing starches stored at high temperature.
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Fig. 4. Visualisation of CGTase activity in Bacillus cultures. The figure shows starch plates
(Paper IV) inoculated with the starch contaminant B. coagulans S35 (top panel), B. flexus
TSP3b and B. cereus NS88 (bottom panel). The inoculated plates were incubated at 37 °C for 7
d, then cooled to  +4 °C and photographed. The transparent clearing zone around the bacterial
streak indicates starch depolymerization and the zone of precipitation inside the clearing zone
indicates accumulation of cyclodextrins.
S35
TSP3b NS88
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The sensitivity of starch degrading bacilli to nisin was investigated and compared to that
towards a conventionally used biocide 2,2-dibromo-3-nitrilopropionamide (DBNPA) (Paper
IV). The industrial isolates, as well as the reference strains, of B. amyloliquefaciens, B. cereus,
B. coagulans, B. flexus, B. licheniformis, B. pumilus, B. sporothermodurans, B.
stearothermophilus and Alicyclobacillus acidoterrestris were visibly inhibited by 0.125 µg of
nisin on BHI agar, pH 5.8 (Table 2 in Paper IV). In 2 % cooked industrial starch medium, pH
6.1, B. coagulans and B. stearothermophilus were inhibited for 18 h at 45 °C by 0.0025 to
0.025 µg of nisin ml-1. This inhibition was equal or more effective than that by 3 µg ml-1 of the
conventially used biocide DBNPA. Strains of B. licheniformis and B. amyloliquefaciens were
less sensitive to nisin (0.5-2 µg ml-1). Nisin (0.05 to 0.125 µg ml-1) blocked the growth of
indigenous bacteria in paper industry sizing starches for ≥ 24 h (Table 7 in Paper IV). We thus
conclude that the actual and the potential starch deteriorating bacilli were highly or moderately
sensitive to nisin, indicating the suitability of this antimicrobial peptide as a starch preservative.
A fluorometric test based on resazurin reduction was found suitable for the detection of bacterial
metabolic activity in industrial starch. The test is simple enough to be applied for on-line
monitoring. Compared to plate counting and turbidometric growth monitoring, the fluorometric
resazurin-resorufin method gave results faster and, compared to ATP determination, it was
equally sensitive but less laborious. The turbidity of most industrial starches seriously limits the
applicability of turbidometric monitoring for assaying of spoilage.
Because of the activity loss of conventionally used biocides during the cooking and the storage
of surface sizing starches, biocides are usually dosed at three stages: into the starch slurry, into
the storage tank of cooked starch and into the feed tank at the paper or board machine. Nisin is
known to be heat-stable at low pH (Davies et al., 1998). Our results showed that nisin remained
active under conditions simulating the cooking (40 % of activity survived) and the storage  of
surface  sizing  starches  in  the industry  (50 % was retained after 11 h storage at 60 °C). Single
dosing of nisin may thus be sufficient to preserve starch.
Spores may become more sensitive to nisin as a result of heat injury (Delves-Broughton et al.
1996). Nisin also enhances thermal inactivation of bacterial spores and vegetative cells (Beard
et al., 1999), thus potentiating the preservation of the starch by nisin. Nisin is thus an alternative
to commercial biocides for the preservation of industrial modified starches. Nisin applications
for paper or starch industry have not been reported prior to these studies (Salkinoja-Salonen and
Pirttijärvi, patent applied for).
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6. Conclusions
1. The main microbial contaminants in food packaging paper and board were sporeforming
bacteria belonging to the genera Bacillus, Paenibacillus and Brevibacillus. Members of most
species produced enzymes attacking food components and several were able to grow at
refrigerated temperatures or  at >50 °C. The only hazard group 2 organisms frequently
detected in paperboards were of the B. cereus group. Approximately 50 % of paperboard
originating B. cereus group strains were enterotoxigenic but no emetic toxin producing
strains were found among the paper industry isolates.
2. There was a large diversity among the contaminant B. cereus isolates in the whey processing
line of a cheese dairy. The whey line of the cheese dairy was colonized by specific
communities of phenotypically non-conventional types of B. cereus.
3. A great genetic diversity was detected among the contaminant B. cereus strains from paper
industry and from different dairies.
4. The phenotypic properties of many industrial isolates of B. cereus deviated from the set of
characteristics defined for B. cereus in international standards. Nevertheless, such strains
were phylogenetically and chemotaxonomically confirmed as members of the B. cereus
group. This situation may cause a significant underreporting of B. cereus contamination in
hygienic control analyses.
5. Using the presence of signature fatty acids (11-methyldodecanoic acid and trans-9-
hexadecenoic acid) as indicators, all strains of B. cereus were correctly identified by whole
cell fatty acid analysis, in spite the phenotypic and genotypic diversity.
6. In search for the emetic toxin producing B. cereus isolates among the industrial,
environmental, food, and food poisoning organisms, a detailed portrait of the emetic toxin
producers was generated: specific ribotype, negative in starch hydrolysis, not producing
haemolytic enterotoxin.
7. The low level of contamination by microorganisms of food grade paperboard surfaces
indicates that the risk of contamination for the food is low and the health risk for the
consumer is insignificant. Microbiological specifications for food packaging paper and
board are presently orders of magnitude stricter than those for food. The meaningfulness of
such strict specifications may be questioned.
8. Thermotolerant bacilli, B. coagulans, B. licheniformis and B. amyloliquefaciens, and B.
stearothermophilus, are important spoilers of industrial starches. The mechanism of spoilage
is depolymerization of starch by synthesis of cyclodextrins and by glucosidase activities.
9. An application for the detection of starch spoilage by kinetic fluorometry was designed,
giving results within a day and requiring less labour than the methods presently in use.
10. The starch spoilage organisms were equally or up to 1000 times more sensitive to nisin, an
antimicrobial peptide approved as food additive, than to the conventional biocide DBNPA.
Nisin remained active in starch during the cooking and the storage. Nisin may thus be dosed
into the paper industry process to preserve the surface sizing starches. These results are of
practical value and a patent has been applied for.
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7. Tiivistelmä
Basillit eli aerobiset itiöitä muodostavat bakteerit ovat yleisiä kontaminantteja paperin ja
kartongin valmistusprosesseissa sekä meijeriprosesseissa. Tärkeimmät paperinvalmistuksen
raaka-aineet ovat luonnonmateriaaleja, joita monet mikrobit pystyvät käyttämään ravintonaan.
Olosuhteet paperikoneella ovat otolliset mikrobien lisääntymiselle. Bakteeri-itiöt sietävät hyvin
monia mikrobitorjuntaan käytettäviä biosideja. Paperikoneen kuivausosan lämpö (n. 140 °C
paperin pinnalla) tuhoaa useimmat hiivat, homeet ja vegetatiiviset bakteerit. Bakteeri-itiöitä
lämpö ei tuhoa vaan pikemminkin aktivoi, joten lopputuotteen eli paperin ja kartongin sisältämät
mikrobikontaminantit ovat lähes yksinomaan basilleja. Samankaltainen, itiöllisten mikrobien
‘valikointi’ tapahtuu myös nestemäisten elintarvikkeiden pastöroinnin aikana, mistä syystä
basillit ovat merkittäviä neutraalien pastöroitujen maitotuotteiden pilaajamikrobeja.
Tässä väitöskirjatyössä tarkasteltiin basillien merkitystä teollisuusprosessien kontaminantteina,
erityisesti elintarvikepakkauskartongin valmistusprosesseissa, sekä niiden torjuntaa. Elin-
tarvikepakkauskartongin kontaminanttien ominaisuuksia tutkittiin elintarviketurvallisuuden
kannalta.
Eri maissa ja tehtaissa valmistettujen elintarvikepakkauskartonkien ja -paperien yleisimmät
mikrobikontaminantit kuuluivat sukuihin Bacillus, Paenibacillus tai Brevibacillus. Useimpien
lajien kannat tuottivat entsyymejä, joiden avulla ne voivat hajottaa elintarvikkeiden
komponentteja kuten tärkkelystä, proteiineja ja rasvoja.  Eräät kannat tuottivat ruokamyrkytys-
toksiineja ja eräät lisääntyivät ≤ 6 °C tai ≥ 50 °C lämpötiloissa.
Yleisin teollisuusprosesseissa esiintyvä patogeeninen basilli on B. cereus. Se oli myös ainoa
riskiryhmään 2 kuuluva, elintarvikepakkauskartongissa yleisesti esiintyvä kontaminantti.
Lukuisissa tutkimuksissa on todettu B. cereus -bakteerin yleisesti tuottavan enterotoksiineja.
Vaarallisemman, B. cereus -emeettisen toksiinin esiintyvyyden laajempi tutkiminen tuli
mahdolliseksi vasta tutkimusryhmässämme viime vuosina kehitetyn biotestin ansiosta. Tässä
väitöskirjatyössä tuli esiin elintarvikepakkauskartongista, teollisuusprosesseista, elintarvik-
keista sekä ruokamyrkytystapauksista eristettyjen B. cereus -ryhmän kantojen runsas
monimuotoisuus biokemiallisten, kemiallisten (kokosolurasvahappokoostumus) ja geneettisten
(ribotyyppi) ominaisuuksien suhteen. B. cereus -ryhmän, erilaisista ympäristöistä eristetyiltä 93
kannalta löytyi 40 erilaista ribotyyppiä (restriktioentsyymi oli EcoRI).  Kaikilla emeettistä
toksiinia tuottavilla kannoilla, jotka oli eristetty ruokamyrkytystapauksista eri puolilta maailmaa
70 - 90 -luvuilla, oli lähes identtinen ribotyyppi sekä EcoRI että PvuII entsyymejä käyttäen.
Lisäksi yhteistä kaikille emeettisille kannoille oli kyvyttömyys hydrolysoida tärkkelystä. Kaikki
emeettiset kannat olivat negatiivisia elintarvikevalvonnassa yleisesti käytössä olevalla,
kaupallisella RPLA -testillä, eli nämä kannat eivät tuottaneet  hemolyyttistä enterotoksiinia.
Tutkimistamme teollisuuden prosessinäytteistä ei löytynyt emeettistä toksiinia tuottavia B.
cereus -kantoja.
Koska B. cereus on yleinen maitotuotteiden kontaminantti, sen monimuotoisuutta tutkittiin
meijeriprosessissa, juustomeijerin heralinjalla. Biokemiallisten testien, kokosolurasva-
happoanalyysin sekä faagityypityksen avulla osoitettiin, että heraprosessin alku- ja loppu-päästä
eristettyjen B. cereus -kantojen ominaisuudet olivat monessa suhteessa erilaiset. Useimmat
heratiivisteestä eristetyt B. cereus -kannat eivät pelkistäneet nitraattia ja monet olivat huonoja
kaseiinin käyttäjiä. Suurimmalla osalla meijerin heralinjalta eristetyistä B. cereus -kannoista oli
sama ribotyyppi, mutta eri meijereiden tuotteista eristetyillä kannoilla ei ollut keskenään samoja
ribotyyppejä. Tulokset viittaavat siihen, että tietty B. cereus -populaatio voi kolonisoida
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meijeriprosessin. Elintarvikepakkauskartongista ja -aihioista eristetyt kannat olivat yleensä eri
ribotyyppiä kuin meijereistä ja maitotuotteista eristetyt kannat.
Kansainvälisesti hyväksytyt standardimenetelmät B. cereus -bakteerin osoittamiseksi ja
määrittämiseksi perustuvat yksinomaan biokemiallisiin ominaisuuksiin, erityisesti lesitinaasin
tuottoon. Tässä väitöskirjatyössä havaittiin, että teollisuuden kontaminanttikannoista huomattava
osa olikin lesitinaasi-negatiivisia standardien mukaisesti suoritetuissa testeissä. Tästä huolimatta
nämä, kuten myös heralinjan biokemiallisesti epätyypilliset kannat, olivat aitoja B. cereus -
ryhmän bakteereja, mikä varmistettiin fylogeneettisin ja kemotaksonomisin analyysein.
Enterotoksiinien tuotto näillä epätyypillisillä B. cereus kannoilla oli yhtä yleistä kuin tyypillisillä
kannoilla. Tulokset osoittivat, että mikäli prosessien hygieeninen valvonta perustuu yksinomaan
standardien mukaisiin määritysmenetelmiin, merkittävä osa B. cereus -kontaminaatiosta saattaa
jäädä havaitsematta.
Kaupallinen mikrobien kokosolurasvahappokoostumukseen perustuva tietokanta ei tunnistanut
kaikkia B. cereus -kantoja. Tutkimuksessa havaittiin, että kaikki yli 200 B. cereus -ryhmän
kantaa sisälsivät 11-metyylidodekaanihappoa ja trans-9-heksadekeenihappoa. Nämä rasvahapot
olivat hyvä tuntomerkki, sillä niitä ei ollut elintarvikepakkauskartongeista eristetyissä muissa
bakteerilajeissa. B. cereus -bakteerin läsnäolo paperiteollisuuden näytteissä voidaankin todeta
määrittämällä näiden kahden rasvahapon osuus tehtaan rutiinivalvontaan kuuluvien bakteerien
kokonaispesäkemaljojen  bakteeribiomassasta.
Kuituraaka-aineesta valmistettujen elintarvikepakkausten mikrobiologinen laatu oli erittäin
hyvä. Homogenoitujen kartonkien mikrobikontaminanttien määrät olivat usein alle havainto-
rajan ja lähes aina alle 250 pmy g-1, mikä on vähemmän kuin monissa elintarvikkeissa.
Sisäpintakontaminanttien määrä litran nestepakkausaihiossa oli yleensä alle 10 pmy. Tulokset
viittaavat siihen, että elintarvikepakkauskartongin mikrobien aiheuttama riski elintarvikkeen
pilaantumiselle on erittäin vähäinen ja riski kuluttajan terveydelle lähes olematon.
Pintaliimaukseen käytettävän tärkkelyksen mikrobiologinen laatu vaikuttaa paperin ja kartongin
tekniseen ja hygieeniseen laatuun. Tässä väitöskirjatutkimuksessa osoitettiin, että
paperiteollisuuden käyttämien tärkkelysten pilaajista tärkeimmät olivat lämpöä suosivat B.
coagulans, B. licheniformis, B. amyloliquefaciens ja B. stearothermophilus. Nämä kasvoivat
teollisuustärkkelysten käyttöä simuloivissa olosuhteissa ja hajottivat tärkkelystä tuottamiensa
entsyymien (syklodekstriiniglykosyltransferaasi ja α-glukosidaasi) avulla.
Paperin- ja kartonginvalmistusprosessien ja lopputuotteiden aseptisuuden saavuttamiseksi
monissa prosessin eri vaiheissa käytetään laajakirjoisia biosideja. Ne ovat toksisia ja eräät myös
herkistäviä. Tässä väitöskirjatyössä osoitettiin, että monissa maissa elintarvikelisäaineeksi
hyväksytty maitohappobakteerin tuottama bakteriosiini, nisiini, oli yhtä tehokas tai jopa tuhat
kertaa tehokkaampi merkittävien teollisuustärkkelysten pilaajabasillien kasvun estäjä kuin
tärkkelysten säilöntään yleisesti käytettävä 2,2-dibromi-3-nitriilipropionamidi. Nisiini säilyi
aktiivisena tärkkelyksen keittoa ja varastointia simuloivissa olosuhteissa. Tulokset osoittivat,
että nisiini voi olla käyttökelpoinen, kuluttajalle ja ympäristölle turvallinen vaihtoehto nykyisille
teollisuustärkkelysten säilöntään käytettäville biosideille.
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